Cortical spreading depolarizations are an epiphenomenon of human brain pathologies and associated with extensive but transient changes in ion homeostasis, metabolism, and blood flow. Previously, we have shown that cortical spreading depolarization have long-lasting consequences on the brains transcriptome and structure. In particular, we found that cortical spreading depolarization stimulate hippocampal cell proliferation resulting in a sustained increase in adult neurogenesis. Since the hippocampus is responsible for explicit memory and adult-born dentate granule neurons contribute to this function, cortical spreading depolarization might influence hippocampus-dependent cognition. To address this question, we induced cortical spreading depolarization in C57Bl/6 J mice by epidural application of 1.5 mol/L KCl and evaluated neurogenesis and behavior at two, four, or six weeks thereafter. Congruent with our previous findings in rats, we found that cortical spreading depolarization increases numbers of newborn dentate granule neurons. Moreover, exploratory behavior and object location memory were consistently enhanced. Reference memory in the water maze was virtually unaffected, whereas memory formation in the Barnes maze was impaired with a delay of two weeks and facilitated after four weeks. These data show that cortical spreading depolarization produces lasting changes in psychomotor behavior and complex, delay-and task-dependent changes in spatial memory, and suggest that cortical spreading depolarization-like events affect the emotional and cognitive outcomes of associated brain pathologies.
Introduction
Cortical spreading depolarization (CSD) is a selfpropagating wave of neuronal and glial depolarization accompanied by near-complete breakdown of ion gradients and spontaneous electrical activity. Consequences are release of neurotransmitters, neuronal swelling, distortion of dendritic spines, and changes in blood flow and metabolism. 1, 2 Most of these parameters return to normal within several minutes. Despite such transient and largely benign course, CSD also has lasting consequences, for instance on cerebral gene expression and structure, indicating concomitant changes in brain function. [3] [4] [5] In terms of structural plasticity, the most striking feature of CSD is the sustained increase in newborn dentate granule cells (DGCs) in the hippocampus, the central brain structure for explicit memory processing. 5, 6 In the adult hippocampus, new DGCs are continuously generated in the subgranular zone of the dentate gyrus (DG). These new neurons pass through a continuous process of maturation and integration, eventually displaying characteristics similar to developmentally born DGCs.
suggests that immature DGCs make unique contributions to hippocampal function. [10] [11] [12] [13] Indeed, between 3 and 5 weeks of age, they exhibit enhanced excitability, reduced inhibition, and stronger synaptic plasticity than mature DGCs, as indicated by a lower threshold for long-term potentiation. 7, 8 In addition, these new neurons are activated with higher probability than mature DGCs in response to afferent stimulation in vitro or to behavioral experience. [14] [15] [16] [17] However, behavioral studies suggest that immature DGCs are involved in hippocampus-dependent memory even earlier, at 1-3 weeks of age, [18] [19] [20] [21] when they just start to establish functional synapses, receive first weak glutamatergic input and are virtually unable to spike. 7, 8, [22] [23] [24] Despite considerable evidence pointing towards an important role of CSD-like events in human brain pathologies, 1, 25 there is no systematic study on the long-term consequences of CSD on behavior. In the past, CSD has been applied as technique to reversibly abolish neuronal activity (i.e. functional decortication) for studying the role of different brain regions in behavior. These studies revealed comprehensive information about acute effects of CSD, such as impairments in postural reflexes, motor coordination, motivational behavior, or memory. [26] [27] [28] Two of the previous studies extended their analysis to several days and found transient impairments in exploratory behavior, passive avoidance, and visual discrimination learning during days 3-5 after CSD. 29, 30 The present study was aimed to extend these findings by evaluating long-term consequences of CSD on nonmnemonic behavior and hippocampus-dependent memory. Two, four, or six weeks following CSD independent groups of mice were tested either in a Morris water maze (MWM) or in a Barnes maze (BM), both preceded by open field (OF) and location recognition testing. All mice received 5 0 -Iodo-2 0 -deoxyuridin (IdU) during the first week after CSD to assess adult neurogenesis.
Materials and methods

Animals and surgery
All procedures involving living animals were carried out according to the EC directive 86/609/EEC for animal experiments and were approved by the local Animal Care Committee (Thu¨ringer Landesamt fu¨r Lebensmittelsicherheit und Verbraucherschutz). Experiments are reported in accordance with the ARRIVE guidelines. We used a total of 108 C57Bl/6J males, 10-12 weeks old at the time of surgery. Mice were group-housed under a 12-h light/dark cycle with ad libitum access to food and water. Experiments were carried out during the light phase. Induction of CSD was performed as described earlier for rats. 5 Briefly, mice were anesthetized with 2.5% isoflurane in a 2:1 N 2 O/O 2 mixture and fixed in a stereotactic frame. Their rectal temperature was kept constant at 37 AE 0.5 C. Two craniotomies of 1.4 mm diameter were made above the right hemisphere at Bregma þ1.5 mm, 1.5 mm lateral, and Bregma À2.5 mm; 2.0 mm lateral, with the dura mater left intact. An Ag/AgCl-reference electrode was placed subcutaneously in the neck. A glass electrode (impedance 2-4 M) filled with artificial cerebrospinal fluid (aCSF: 120 NaCl, 2 CaCl 2 , 5 KCl, 1.8 MgCl 2 , 10 HEPES, 1.25 NaH 2 PO 4 , and 10 Glucose; in mmol/L) containing an Ag/AgCl wire was placed on the dura at the anterior position and connected to a high impedance amplifier (EXT-08, NPI, Tamm, Germany). Amplified signals (100Â) were continuously digitized and stored on a computer equipped with an A/D converter (CED 1401, Cambridge Electronic Design Ltd., Cambridge, England) and Spike 2 software (Cambridge Electronic Design Ltd.) to record the electrocorticogram (ECoG) and direct current (DC) potential. Recordings were allowed to stabilize, while anesthesia was successively reduced to 1.5% isoflurane. To induce CSD, a small swab soaked with 1.5 mol/L KCl was placed on the dura at the posterior craniotomy and renewed every 5 min. After a period of 110 min, the swab was removed, craniotomies were rinsed with aCSF, sealed with bone wax and the wound was closed at 2% isoflurane. Sham animals received 1.5 mol/L NaCl instead of KCl.
In general, animals were randomly assigned to the experimental groups (n ¼ 8 in each sham group and n ¼ 10 in each CSD group). From the surgery onwards, experimenters were blinded to group allocation.
Labeling of proliferating cells and tissue preparation
On six consecutive days after surgery, animals received daily injections of 5 0 -Iodo-2 0 -deoxyuridin (IdU; 57.5 mg/kg in sterile 0.9% NaCl/0.04 N NaOH; MP Biomedicals). During the period of spatial learning, animals received further injections of equimolar 5 0 -Chloro-2 0 -deoxyuridin (CldU; 42.5 mg/kg in sterile 0.9% NaCl; Sigma-Aldrich, St. Louis, MO, USA) which was not analyzed for the present study. At the end of the behavioral test battery, mice were deeply anesthetized and transcardially perfused with 4% paraformaldehyde in 0.1 mol/L phosphate buffer pH 7.4. The brains were removed and post-fixed in the same solution overnight at 4 C. After cryoprotection in increasing concentrations of sucrose (10% and 30% sucrose in 0.14 mol/L PBS, 4 C), brains were frozen in 2-methybutan (À25 to À30 C) and stored at À80 C.
Immunohistochemistry
Forty-micro meter coronal sections were treated for 30 min with 1.5% H 2 O 2 , denatured for 30 min in 2 N HCl, and neutralized in 0.1 mol/L borate buffer pH 8.5 for 10 min. Sections were blocked in TBSplus, containing 0.1% triton, 3% donkey serum, and donkey a-mouse Fab fragments (1:50; Dianova, Hamburg, Germany), and incubated over night at 4 C with mouse a-BrdU antibody (AbD Serotec, Oxford, UK). Then, sections were consecutively incubated in biotinylated secondary antibody (donkey a-rat, 1:500; Dianova) for 3 h and Vectastain Elite ABC Kit (Vector Laboratories, Burlingame, CA, USA) for 1 h, followed by DAB (3, 3 0 -diaminobenzidine tetrahydrochloride hydrate; Sigma-Aldrich) signal detection. All incubations were intermitted by repetitive rinsing in TBS.
Cell quantification
IdU-stained sections were counted in one-in-six series throughout the entire DG at a magnification of 400Â (Axioplan 2 microscope; Zeiss, Oberkochen, Germany). Resulting numbers were multiplied by 6 to obtain an estimate of the total numbers of IdU-positive cells.
Behavioral tasks
BM and MWM performance were tested on independent cohorts of mice. To examine whether the behavioral effects of CSD are time-dependent, mice were trained either two, four, or six weeks after CSD (Supplementary Figure 1, Supplementary Table 1) . Before BM or MWM training commenced, all mice were handled for two days and then consecutively examined in an OF and a location recognition task (Supplementary Figure 1) . All tests were performed during the light phase. Prior to each test, animals were accustomed to the testing room for !45 min. Data were recorded and analyzed using an automated video tracking system (EthoVision 2.3 and XT 6.1.326, Noldus Information Technology, Wageningen, The Netherlands) coupled to a CCD camera mounted above the test setup.
OF test. The OF test was used to examine exploratory behavior, locomotion as well as emotionality in response to a new and unfamiliar environment. The apparatus consisted of an opaque acrylic chamber (40 Â 40 Â 32 cm; illumination 20-25 lx) subdivided into a central (24 Â 24 cm) and a peripheral zone. The test was started by placing a mouse into a randomly chosen corner and lasted for 10 min. Before testing the next animal, the chamber was cleaned with 70% ethanol. Time spent in different zones, distance moved, and rearing events were evaluated.
Location novelty recognition test. In this test, we assessed the mice's ability to recognize changes in the spatial location of familiar objects (place recognition), which depends on an intact hippocampus. 31 The apparatus design was similar to the OF but provided access to distal visual cues. One day before testing, animals were habituated to the chamber for 10 min. The test comprised a familiarization phase consisting of three 5-min trials at an interval of 20 min, and a 5-min recognition test performed with a delay of 20 min after the last trial. During familiarization, two identical objects were placed at constant positions close to two adjacent corners. For the recognition test, both of the objects were replaced by two identical objects with one of them moved to a new location. After each trial, the arena and objects were cleaned with 70% ethanol. Data were collected using the multiple body point module of EthoVision. Exploration was defined as directing the nose toward an object at a distance of 2 cm. Mice having their home base beside an object or exploring objects for less than 1 s were excluded from further analysis. Spatial discrimination was calculated using an exploration index (t n /(t n þ t f )) which reflects the percentage of time animals spent exploring the displaced object (t n ) in relation to the total exploration time (t n þ t f ).
BM. Spatial learning in a dry-land maze was tested using a setup as has been described earlier. 32 The maze consisted of a circular white PVC platform, 90 cm in diameter, elevated 100 cm above the floor, and with 20 holes (5 cm in diameter) equally spaced along the perimeter. One of the holes lead to an escape box (17 Â 8 Â 6 cm, black PVC), whereas the others were closed with shutters made from the same material. An acrylic cylinder (20 cm in diameter, 10 cm high) placed in the center of the maze was used as start box. To increase mice's motivation to escape, the platform was illuminated from above ($800 lx). Distal visual cues were available for spatial navigation.
The protocol comprised habituation, six days of acquisition, a probe and a control trial. During habituation, mice were placed into the start box for 1 min, allowed to freely explore the platform for another minute and then placed into the escape box for 2 min. The next day, acquisition commenced with four daily trials at an inter-trial-interval of 2 min. Each trial, mice were placed into the start box for 20 s and then given 4 min to locate the escape box. Mice that failed to find the box were gently guided to it. All mice remained in the escape box for 1 min until returned to their cage. The location of the escape box remained constant for each mouse but varied between animals. To avoid orientation based on intra-maze cues (e.g. odors), the platform was cleaned with 70% ethanol between trials and rotated before each new session. As measure of spatial learning performance, we analyzed the path length, the number of errors (pokes into false holes), and the use of spatial search strategies. A spatial strategy was defined as finding the escape box after making 0 to 3 erroneous visits around the target hole. One week after acquisition, mice received two trials in which the escape box was relocated to a position 180 (probe trial) and 90 (control trial) relative to its original location. The first was intended to test animal's spatial memory, the second to check whether animals use cues for navigation that do not require spatial memory and potentially bias the interpretation of the results.
MWM. Spatial learning and memory were further assessed in a MWM. It consisted of a circular pool (120 cm diameter and 40 cm height) filled with opaque water (24 AE 1 C), and an escape platform (9 cm in diameter). Testing was done in an indirectly lit room (26 lx) without (habituation and cued learning) or with (place learning) distal cues available for spatial navigation.
The protocol involved habituation, cued learning, place learning (acquisition), and a probe trial. At the beginning of each trial, mice were gently released into the pool at 1 of 4 semi-randomly chosen start locations (N, E, S, W). A trial generally lasted for 60 s or until the mouse escaped by climbing to the platform. Mice that failed were gently guided to the platform. Animals were allowed to stay there for 20 s and returned to a warm holding cage for an inter-trial-interval of 30 s. During habituation, animals were allowed to swim in the pool without a platform for 60 s in order to get acquainted with the test situation and to reduce stress during subsequent learning. On the next day, animals were assessed in four cued trials with a visible platform (0.5 mm above water surface, marked with a flag) placed at variable positions in the pool. Acquisition comprised two daily sessions of three trials with an intersession interval of 6 h and lasted for a total of seven days. Now, the platform was hidden 0.5 cm below the water surface in the center of the NW quadrant. To assess remote reference memory, mice were subjected to a single 60-s probe trial without a platform at one week after training. To evaluate learning performance, we analyzed the swim path length as well as the time spent in the four quadrants. Since during MWM place learning rodents typically display a progression from undirected or non-spatial (i.e. thigmotaxis, random search, scanning, chaining) to increasingly precise, spatial strategies (i.e. directed search, focal search, direct swimming), we furthermore assessed the search pattern animals used to locate the hidden platform, in order to distinguish hippocampusindependent (egocentric) from hippocampus-dependent (allocentric) search strategies. To categorize these strategies from time-coded XY-data, we applied a parameter-based algorithm in Matlab (MathWorks, Natick, MA, USA) as described by Garthe et al. 33 
Statistics
To examine the effects of CSD on cell numbers, as well as on OF and location novelty recognition test (LNR) behavior, we first evaluated our data using a ShapiroWilk test (SigmaPlot 13.0). If normality was given, t-tests or two-way ANOVAs were performed. Otherwise values were ln-transformed prior to testing. If data still violated t-test assumptions, we used a Mann-Whitney-U test. Measures of BM and MWM acquisition were analyzed with a two-way repeated measures ANOVA (2-way RM-ANOVA) followed by Tukey's post hoc test. As an exception, search strategy use in the MWM was analyzed based on the generalized estimating equations method (Procedure GENLIN; IBM SPSS Statistics 21, IBM Corp., Armonk NY). Testing of BM probe and control trial performance was done with a Friedman test followed by Wilcoxon (hole preference within a group) or Mann-Whitney tests (between-group differences). Furthermore, we evaluated the relationship between CSD rate and dependent parameters (IdU numbers, behavior) using a Pearson's correlation analysis (SigmaPlot 13.0). All data are presented as group meanAESEM, significance levels were set at 0.05.
Results
Epidural KCl application for 110 min elicited on average 9.7 AE 0.53 CSD (range 7-13 CSD), whereas sham mice displayed no deflections of the DC potential. Our previous studies on rats have shown that CSD strongly increased BrdU incorporation and neurogenesis in the adult hippocampus. To determine if CSD had the desired effect on mouse hippocampal neurogenesis, we injected animals for six days post-surgery with IdU and analyzed IdU immunoreactivity immediately after behavioral testing. CSD increased the number of IdUpositive cells irrespective of the treatment-analysis delay (Figures 1, 2 ; CSD vs. sham: BM2wk P ¼ 0.038, BM4wk P ¼ 0.016, BM6wk P < 0.001; MWM2wk P ¼ 0.002, MWM4wk P ¼ 0.02, MWM6wk P < 0.001; t-test). Except in the MWM6wk group, this increase was restricted to the ipsilateral side and affected both, the suprapyramidal and the infrapyramidal blade of the DG (P > 0.05, Kruskal-Wallis test, Wilcoxon post hoc test for comparing ipsilateral vs. contralateral sides or suprapyramidal vs. infrapyramidal blades and Mann-Whitney post hoc test for comparing between groups; Supplementary Tables 2 and 3 ). In CSD and sham mice that had learned the BM (Figure 1 were immuno-positive for NeuN. Consequently, CSD mice showed a significant increase in double-positive cell numbers that was proportional to the changes observed for IdU-positive cells, indicating a significant increase in adult-born neurons (Figure 2 (e) to (g)).
The examination of histological sections of CSD and sham mice revealed no evidence for CSD-related neuronal damage in the dentate granule layer (Supplementary Figure 3) .
To assess potential changes in basic locomotor, exploratory and emotional behavior, we examined CSD mice in an OF. As shown in Figure 3 (b), CSD mice exhibited higher levels of horizontal activity at all treatment-analysis intervals (distance CSD vs. sham: 2wk P ¼ 0.02, 4wk P ¼ 0.04, 6wk P ¼ 0.05), and showed a tendency for increased vertical activity, especially in the 2wk group (rearing, P ¼ 0.052; data not shown). At this early time point, CSD mice also spent significantly more time in the center zone (P ¼ 0.05; Figure 3 (c)). Furthermore, CSD increased defecation for up to four weeks (2wk: P ¼ 0.015, 4wk: P < 0.001, Mann-Whitney-U test; data not shown).
We next examined our mice in a location novelty recognition task, in which mice are tested for their ability to remember the location of familiar objects. The exploration index for CSD mice was significantly higher than chance level for all treatment-analysis intervals (2wk: P ¼ 0.048, 4wk: P ¼ 0.027, 6wk: P < 0.001, onesample t-test; Figure 3(d) ). In contrast, sham mice spent an equal amount of time exploring each object, reflected by an exploratory index very close to chance (P > 0.05, one-sample t-test).
Spatial reference memory was tested in either a BM or a MWM. Both tests follow the same principle (finding a hidden escape at a constant location) and eventually measure hippocampus-dependent reference memory. The two tests were chosen because they differ in strength of reinforcement (water vs. light) and thus vary in their susceptibility to non-cognitive confounders like stress or exploratory drive. 34 In the BM, all mice significantly improved across the six days of training. Two-way RM-ANOVA revealed a decrease in distance (2wk: F Figure 4 (a3) to (c3)). Post hoc testing revealed significant impairments of CSD mice in the 2wk group in that they passed a longer distance on day 4 (P ¼ 0.029) and made more errors on day 4 (P ¼ 0.023) and day 5 (P ¼ 0.043). In the 4wk group, CSD mice moved a shorter distance on day 4 (P ¼ 0.035) and made less errors than sham animals during days 3 (P ¼ 0.026) and 4 (P ¼ 0.008), indicating improved learning due Figure 4 . Time-dependent effects of CSD on spatial learning in the Barnes maze (BM). Animals were tested during the third (a-a3), fifths (b-b3) or seventh (c-c3) week after the induction of CSD. Spatial learning performance was evaluated from the distance covered (a1-c1) and errors made (a2-c2) to find the hidden goal box, as well as from the use of spatial strategies (a3-c3). All data presented as mean AE SEM; *P < 0.05, **P < 0.01; 2-way RM-ANOVA with post hoc Tukey test.
to CSD. Consistent with these findings, CSD animals used less spatial strategy than sham mice in the 2wk group on days 4 (P < 0.001) and 5 (P ¼ 0.012), whereas in the 4wk group, their spatial strategy use outreached that of sham mice on days 2 (P ¼ 0.045), 4 (P ¼ 0.004), and 6 (P ¼ 0.021). For neither parameter, we detected significant CSD effects in the 6wk group. The probe trial confirmed that all animals learned the task. All mice, independent of group or treatment-analysis delay, displayed significant differences in the number of pokes into different holes (P < 0.001; Friedman test) and a clear preference for the previous target position (P < 0.05; Wilcoxon; Figure 5 (a) to (c)), except occasionally holes À1, À2, þ1, or þ2. Specific CSD effects on spatial memory could not be detected, neither for target preference, nor for primary latency ( Figure 5(a1) to (c1) ). During the control trial, when the escape box was moved again by 90 , the preference for the former target hole disappeared ( Figure 5 ).
An independent cohort of mice was evaluated in a MWM and total distance was taken as quantitative measure of learning. As in the BM, all mice improved over the course of training (Figure 6 Post hoc testing revealed significant CSD effects only for day 2 in the 6wk group (P ¼ 0.006), the other groups showed no differences ( Figure 6 (a1) to (c1)). As distance has its limitations in reflecting subtle changes in spatial learning abilities, we qualitatively assessed the search paths by classifying them into seven mutually exclusive strategies. 33 In all mice navigation initially relied predominantly on nonspatial, hippocampus-independent search strategies. With ongoing training, there was a progression towards more precise, spatial strategies ( Figure 6 (a2) to(c2), 6(d)). In the 2wk group, binary logistic regression analysis revealed that CSD mice used significantly more chaining (P ¼ 0.006, GENLIN) over the course of training and specifically on days 3 (P < 0.001), 4 (P ¼ 0.034), and 6 (P ¼ 0.001; Figure 6(a2) ). In the 4wk group, we found no general differences between CSD and sham animals, but CSD mice used less chaining on day 4 (P ¼ 0.009) and less focal search on day 6 (P ¼ 0.031; Figure 6(b2) ). Analysis of the 6wk group revealed more overall use of random search (P ¼ 0.046) and directed search (P ¼ 0.03) in the CSD groups. Specifically, CSD mice used less scanning (P ¼ 0.039) and more chaining (P ¼ 0.031) on day 1, less chaining (P ¼ 0.007) on day 2, less scanning (P ¼ 0.030), more chaining (P ¼ 0.003), and less focal search (P ¼ 0.024) on day 5, more directed search (P ¼ 0.024) and less focal search (P ¼ 0.002) on day 6 and more directed search (P ¼ 0.005) on day 7 ( Figure 6(c2) ). In the probe trial, all mice searched selectively, spending more time in the former target quadrant (P < 0.01, one-sample t-test; Figure 6 (a3) to (c3)). Furthermore, there were no group-specific differences in this measure (2wk: P ¼ 0.276, 4wk: P ¼ 0.171, 2wk: P ¼ 0.712; t-test). Thus, all mice remembered the previously learned escape location but CSD did not affect this kind of spatial memory.
To analyze the relationship between the number of CSD and dependent variables, we performed a Pearson correlation analysis. Similar to our previous studies on rats (unpublished data), we found no clear evidence for a correlation between the number of CSD and the number of newborn cells (separate analysis of CSD mice for each treatment-analysis interval, r 2 0.1, P > 0.05). We furthermore calculated the correlation between the number of CSD and LNR (exploration index), BM (AUC for distance during acquisition), and MWM performance (AUC for distance during acquisition) which revealed similar results (separate analysis of CSD mice for each treatment-analysis interval, r 2 0.3, P > 0.05).
Discussion
Since its original discovery by Aristides Lea˜o, a large amount of research has been conducted into phenomenology, mechanisms, and clinical relevance of CSD. 1, 2, 25 Most of these studies mainly focus on the acute events occurring at onset, during or shortly after a CSD, while investigations of long-term consequences are virtually lacking. Here, we induced CSD in mice and examined their impact on adult neurogenesis and on different aspects of hippocampus-dependent memory over a period of several weeks. As expected from our observations in rats, 5 CSD induced a significant increase in DGC birth also in mice. Neuronal differentiation and long-term survival of newborn cells paralleled those of sham mice. Our results from behavioral experiments demonstrate for the first time that CSD entails lasting changes in psychomotor behaviors and complex, delay-and task-dependent changes in spatial memory. These findings suggest a possible involvement of CSD-like events in emotional and cognitive changes observed after associated brain pathologies like stroke or traumatic brain injury. 35, 36 We found that CSD is a potent stimulus for cell proliferation and neurogenesis in the ipsilateral DG. Although the precise mechanisms of how CSD convey their pro-neurogenic effects to the DG are unclear, some hypotheses can be drawn from previous studies. The main afferent input to the DG arises from neurons located in layer II of the ipsilateral entorhinal cortex. 37, 38 Activation of these afferents, e.g. by tetanic stimulation of the perforant path or by deep brain stimulation of the entorhinal cortex, increases DG neurogenesis to a similar extent as observed in the present study. 39, 40 In addition, neurotransmitters (e.g. glutamate) and neurotrophins (e.g. BDNF, possibly originating from entorhinal cortex) are likely involved in activity-driven regulation of neurogenesis. 39, 41, 42 CSD in turn propagate through the entire ipsilateral cortex of rodents including the entorhinal cortex and lead to the release of glutamate and BDNF from neurons. 4, 43, 44 Most importantly, ample evidence suggests that CSD activates the hippocampus and eventually changes its physiology: neocortical SD has been shown to increase c-Fos expression in ipsilateral DGCs and to enhance hippocampal long-term potentiation. 4, 45 Previous studies furthermore showed that, in vivo, CSD do not invade the hippocampus. 5, 45 Together, these findings suggest that CSD stimulates ipsilateral DG neurogenesis indirectly due to activation of the entorhinal cortex and perforant path fibers, which may eventually lead to the liberation of proneurogenic factors in the DG. (a) (b) (c) Figure 6 . Time-dependent effects of CSD on spatial learning and memory in the Morris water maze. Animals were tested during the third (a-a3), fifths (b-b3), or seventh (c-c3) week after the induction of CSD. Spatial learning performance was evaluated from the distance covered to find the hidden platform (a1-c1) and from the classification of spatial strategies (a2-2). The color code for search strategies is shown in (d). (a3-c3) Spatial memory was assessed in a probe trial performed one week after the last training in which the platform was removed from the pool. The graphs show the mean time animals spent in the former target quadrant. The dashed lines indicate chance level (25%). Furthermore, the left panel of each figure shows the occupancy plots illustrating search accuracy. Data are presented as mean AE SEM; **P < 0.01; 2-way RM-ANOVA with post hoc Tukey test, or t-test.
Beside the prominent ipsilateral stimulation of hippocampal neurogenesis, a mild increase was observed also in the contralateral DG of CSD mice (Supplementary Table 3 ). In the light of previous studies showing bilateral alterations of neuronal activity and functional connectivity, as well as a bilateral stimulation of cortical gliogenesis in response to unilateral CSD, this result of the present study was not entirely surprising. 3, 46, 47 However, it remains unclear how exactly the pro-neurogenic signals of CSD are conferred to the contralateral DG. There are two routes connecting the DG directly with the contralateral hemisphere: first, a commissural projection mainly arising from hilar mossy cells in the contralateral DG and second, a weak projection emerging in the contralateral entorhinal cortex. 37, 38 The rate of neuronal differentiation was not changed by CSD, and nearly all newborn cells, including 22-27 days old ones, expressed the neuronal marker NeuN. This is consistent with earlier findings in healthy mice, showing that as early as one week after BrdU injection 91% of the newborn cells co-express NeuN. 15 Furthermore, the present study revealed that the number of newborn DGCs does not decline beyond an age of two weeks, fitting to the concept that apoptosis of adult-born DGCs mostly occurs during the first days after their birth. 48 Interestingly, our study reveals that MWM training, if commenced 6 weeks after CSD, leads to an additional increase in newborn cell numbers. Previous studies have shown that MWM learning has complex effects on adult-born cells in the DG, depending on their age at the time of learning; spatial learning promoted survival of cells born around one week before training, decreased the number of cells born just before onset of training and stimulated the proliferation of progenitor cells. [49] [50] [51] [52] Which of these mechanisms contribute to the increased number of IdU-labeled cells at six weeks after CSD remains elusive. A survival effect appears unlikely, as 5-6 week old neurons already passed the critical time window. 13, 51 Moreover, increased survival does not explain the rise in cell numbers from 2 to 6 weeks (as has been confirmed by the comparison with time-matched cage-control mice/non-learners; unpublished data). Hence, it appears most likely that MWM learning increases the number of IdU-positive cells by stimulating their proliferation. Although this hypothesis needs further investigation, one can assume that the fraction of IdU þ /NeuN À cells (approx. 5%) may comprise early-stage progenitor cells that retained the potential to respond to learning.
Further studies have shown that the degree to which learning influences neurogenesis depends on the type and difficulty of the task. 53, 54 More challenging tasks, that require more training to learn, resulted in higher cell survival than tasks learned more quickly. 54 In our study, asymptotic performance of mice was reached earlier in the BM than in the MWM. Thus, the contradictory effects of MWM and BM learning on the number of IdU-positive cells may probably result from differences in task difficulty.
Assessing non-mnemonic behavior in the OF revealed a sustained increase in locomotor activity after CSD. Such a phenotype lasting from days to several weeks was also observed following mild focal ischemia. 55, 56 This indicates that spreading depolarizations which propagate from the ischemic tissue to the surrounding, well supplied cortex 25, 57 may be involved in the induction of post-stroke hyperactivity. However, we detected no signs of anxiety that typically emerge after ischemia or traumatic brain injury. 36, 56 Through convincing evidence for a role of adultborn neurons in hippocampal function, [10] [11] [12] we next assessed whether CSD affects hippocampus-dependent memory. We chose three tests of varying cognitive demand to assess place recognition (LNR) and reference memory (BM, MWM). The effects of CSD were clearly task-dependent. While place recognition was consistently improved independent of the delay between CSD and testing, BM learning was affected as a function of time: CSD impaired BM acquisition if the delay was two weeks, facilitated spatial memory formation with a delay of four weeks and had no effects at a six-week delay. In contrast, CSD effects on MWM acquisition were below the detection threshold of classical quantitative measures of MWM performance (i.e. distance, latency), confirming our previous findings in rats. 5 Hence, we did a detailed analysis of swim paths that revealed subtle changes in the use of spatial strategies. The CSD-related differences not only manifested later than in the other two tests (earliest at a delay of 4-6 weeks) but also indicated a slight net impairment of CSD mice in the progression towards more spatially precise strategies (i.e. focal search). Such discrepancies in the sensitivity of behavioral tasks towards changes in hippocampal function have been observed earlier. 58, 59 While all three tasks applied in the present study are tests for spatial memory, they might be differentially prone to effects of CSD not directly affecting the hippocampus. Insofar, the LNR and BM rely on mice's natural behaviors (i.e. novelty preference or seeking for shelter, respectively) and thus are less stressful and less exhausting than the MWM, in which mice have to locate a hidden escape by swimming in cold water. 31, 34 At the same time, BM performance might be confounded by changes in exploratory drive and anxiety, which is particularly relevant in the context of the present findings showing that CSD mice were more active in the OF. However, a general bias by the consistently increased exploratory activity of CSD mice appears unlikely to explain the distinct, delay-dependent outcomes in the BM.
It remains to be determined to what extent the observed behavioral changes are caused by the increase in adult neurogenesis. CSD produces a range of other effects that, in principle, could contribute to the observed changes in behavior. For example, it has widespread effects on cortical gene expression and leads to a striking increase in cortical gliogenesis, both lasting for several weeks. 3, 4 In addition, CSD is associated with a temporary distortion of dendritic structures and loss of dendritic spines which, especially after multiple recurrent CSD, may lead to long-term changes in cortical networks. 60 Nevertheless, it is tempting to speculate about a correlation between the two observations, first, because adultborn neurons are involved in hippocampus-dependent memory [10] [11] [12] 42 and second, because the time course of CSD effects on BM learning obviously matches the stages of functional integration of newborn DGCs. Positive effects of CSD were observed around the time that immature DGCs undergo a phase of increased excitability and plasticity, and become activated during spatial memory recall ($3-4 weeks of age at start of BM). 7, 8, 17 Moreover, there were no more differences at the time when the new DGCs become stably integrated into the hippocampal circuitry ($5-6 weeks of age). 22 The finding that BM learning was impaired at two weeks after CSD was unexpected in the context of adult neurogenesis. In this experiment, new neurons were $1-2 weeks old when BM training commenced, an age at which they just start establishing first input/output contacts and cannot sufficiently pass information from entorhinal cortex to CA3. 7, 8, 22, 23 Studies using cytostatic drugs or irradiation to ablate proliferating cells from the adult DG suggested that such very young neurons are not required or even support hippocampus-dependent memory processes. 15, 18, 20, 58 However, a recent study by Akers et al. 21 showed that, while actively integrating, adultborn neurons may promote the loss of recently acquired memories, putatively by competing with existing neurons for established synapses. 24, 61 Alternatively, the early impairments of CSD mice in BM acquisition might be related to the increased exploratory activity and decreased anxiety at this time, which could, similar to memory impairment, cause mice taking longer, less spatially directed paths. 62 Despite the absence of correlation between newborn cell numbers, behavioral changes and the rate of CSD we would not conclude a general lack of a dose-response relationship. Rather, we assume that our finding is related to the relatively high number of CSD induced in the present study (7) (8) (9) (10) (11) (12) (13) . A saturation limit is probably achieved with less than seven CSD, with more CSD not further changing cell proliferation or behavior. This assumption is supported by a previous report of Tamura et al. 63 who found a correlation between CSD numbers and cortical gliogenesis if mildly stimulated rats (2-3 CSD) were compared to highly stimulated rats (10-18 CSD), whereas no such correlation was evident in the group of highly stimulated rats alone.
Together, our data show for the first time that CSD, which is a transient and largely benign phenomenon, has lasting but distinct and task-specific effects on non-mnemonic behavior and cognition. This finding implies that CSD might contribute to the neurobehavioral consequences of associated brain pathologies, like ischemic stroke, intracerebral hemorrhage, and traumatic brain injury. The mechanisms underlying the behavioral effects of CSD are not entirely clear, but amongst others may include the increase in adult neurogenesis. Furthermore, our data implicate that an excess of very young newborn DGCs far above the physiological level might even disrupt hippocampal memory processing. Future studies using mouse models to conditionally prevent the increase in adult-born DGCs are needed to assess the link between neurogenesis and the behavioral outcome after CSD.
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